The synthesis, properties and reactivity of group 11 organotin sulfide clusters [(R 1 Sn) 4 (SnCl) 2 (MPPh 3 ) 2 S 8 ] (M = Cu, Ag), [(R 3 Sn) 10 Ag 10 S 20 ], and [(R 1,3 Sn) 2 (AuPPh 3 ) 2 S 4 ] with covalently bound, carbonyl or hydrazineterminated ligands R 1 = CMe 2 CH 2 C(Me)O or R 3 = CMe 2 CH 2 C(Me)NNH 2 are reported.
The last few decades have afforded a large variety of ligandprotected chalcogenide clusters of group 11 metals. 1 Ternary complexes and clusters were also reported, 2 which often combined structural and physical properties of the binary components. 3 Additionally, with regard to further reactivity, the introduction of functionalized phosphines was achieved. 4 Consequently, the combination of functional organic ligand shells with finely tunable (ternary or multinary) inorganic cores, providing even more diversity, is thus of interest for diverse purposes, such as for optoelectronics or solar cell development. 5 To address suitable functional materials, the synthesis and directed derivatization of clusters with covalently attached organic groups have currently been investigated in detail for polyoxometalates 6 as well as for group 14/16 compounds, 7 for instance.
The organic groups on the periphery of organogermanium and organotin sulfide complexes of the general type [(R f T) x S y ] (R f = functionalized organic ligand: R 1 = CMe 2 CH 2 C(Me)O, HR 2 = C 2 H 4 COOH; T = Ge, Sn; x/y = 4/6, 6/10) are reactive towards hydrazine derivatives, which allowed further derivatizations of the organic ligand shell. 8 Hereby, an extension of the ligand shell towards ligands such as R 3 = CMe 2 CH 2 C(Me)NNH 2 , R 4 = {CMe 2 CH 2 C(Me)NNH} 2 CO, or R 5 = CMe 2 CH 2 C(Me)NNC(2-py) 2 was achieved. Reactions with transition metal compounds additionally enabled the extension of the inorganic core to form the organofunctionalized ternary clusters [(R 3 T) 2 (CuPR 3 ) 6 11 Further structurally characterized ternary group 11 metal/ organotin sulfide clusters have so far been surrounded by unreactive organic groups, as in [(PhSn) 2 (CuPPh 2 Me) 6 S 6 ], 12 [(PhSn) 12 Cu 19 (PEt 2 Ph) 3 S 28 ] + , 13 and the mixed-valence compound [{(CH 2 ) 4 Sn IV } 6 (CuPPh 3 ) 6 Sn II Cu 4 S 12 ]. 14 Ternary complexes containing Ag/Sn/S or Au/Sn/S cores have not been characterized yet using X-ray diffraction. ‡ Recently we reported new functional organotin sulfide complexes of the type [(R 1,3 Sn) 3 S 4 Cl] that exhibit defect heterocubane scaffolds with carbonyl and hydrazone groups. 15 Herein, we show that these turned out to be suitable precursor complexes as well. different topologies and compositions and comprise reactive substituents with either carbonyl or hydrazone groups. In addition, we report the single crystal X-ray diffraction analysis of (Me 3 Si) 2 S (see ESI †). The reaction of A with 1.7 eq. [Cu(PPh 3 ) 3 Cl] and (Me 3 Si) 2 S in CH 2 Cl 2 , and subsequent layering with n-hexane yielded [(R 1 Sn) 4 (SnCl) 2 (CuPPh 3 ) 2 S 8 ]Á4CH 2 Cl 2 (1Á4CH 2 Cl 2 ) as light yellow crystals. In the molecular structure of the cluster, two {R 1 Sn(m-S)-(m 3 -S)} 2 moieties are linked by two {(CuPPh 3 )(SnCl)} units (see Fig. 1 ). The R 1 Sn atoms Sn1 and Sn2 show a trigonal bipyramidal coordination environment, with the axial positions being occupied by O1, O2 and S1, whereas S2, S3 and C1 (Sn1) or S2, S4 a and C7 (Sn2) are situated in the equatorial positions. The m 3 -Sbridging atoms S1 and S4, and the m-bridging atom S3 connect the {R 1 Sn(m-S)(m 3 -S)} moieties to the central part of the cluster. Here, Cu1 is surrounded in a tetrahedral fashion by a PPh 3 ligand, S1, S4 and Sn3. The latter has a formal oxidation state of +II and exhibits a distorted pseudo-trigonal bipyramidal environment, with Cu1 and S3 a in the ''axial'' positions (Cu1-Sn3-S3 a 149.75(2)1), and Cl1, S4 a and the sterically active lone pair in the ''equatorial'' positions; further pseudo-trigonal bipyramidal coordination geometries of Sn II atoms have been described by Jurkschat and co-workers. 16 The mixed-valence situation in 1 was confirmed using DFT calculations (see below). As another peculiarity, 1 comprises a rare Cu-Sn bond (Cu1-Sn3 2.6054(4) Å), which was formed in situ. 17 It is not possible to monitor the formation process in detail due to the fairly complex reaction mixture and due to the poor solubility of the product. However, we assume that the reduction of RSn IV to Sn II comes along with the oxidation of the released organic ligand as discussed for the mixed valence compounds [(R 1,3 Sn) 3 Se 4 ][SnCl 3 ] under similar reaction conditions; 15 the oxidation of PPh 3 or Cu I , however, was not observed under the reaction conditions, which was clarified using NMR studies and test for Cu 2+ with NH 3 .
The observation of formal Sn II and Sn IV atoms is in agreement with natural charges, obtained by natural population analyses (NPA) 18 of the DFT wave function, which was calculated by simultaneous optimization of the geometric and electronic structure using the program system TURBOMOLE. 19 The formal Sn IV atoms exhibit charges of +1.38 and +1.47, which are larger than the +0.88 charge calculated for the formal Sn II atoms by a factor of 1.6 to 1.7. Details of the DFT calculations are provided in the ESI. † Neither variation of the stoichiometry of the starting materials nor attempts to replace the Cl À ligand have led to the isolation of further clusters until now. An analogous reaction with 1.0 eq. [Cu(PPh 3 ) 3 Cl], however, yielded 1Á[(R 1 Sn) 4 S 6 ] (2). The structural parameters of the two large co-crystallizing clusters in 2 are similar to those observed in 1Á4 CH 2 Cl 2 (see ESI †) and [(R 1 Sn) 4 S 6 ]. 20 Upon reaction with [Ag(PPh 3 ) 3 Cl] and (Me 3 Si) 2 S at À78 1C in CH 2 Cl 2 , and subsequent, careful warming-up to room temperature, a colorless precipitate was obtained, which was re-dissolved by addition of excess of CH 2 Cl 2 . Layering with n-hexane afforded ]Á5CH 2 Cl 2 (6Á5CH 2 Cl 2 ) (see Fig. 3 ). In the present case, the derivatization of the organic ligand did not affect the molecular structure of the complex. In 5 and 6, a central {R 1,3 Sn(m-S)} 2 unit (cf. ref. 21) is terminated by two {Au(PPh 3 )(m-S)} groups. As in 1-4, In summary, a series of ternary group 11 organotin sulfide clusters have been synthesized and structurally characterized. The choice of the very group 11 metal M -although added as similar complexes [M(PPh 3 ) x Cl] (M/x = Cu/3, Ag/3, Au/1) -causes specific coordination environments that affect the molecular structures. Accordingly, the products exhibit different compositions and topologies. Unexpectedly, the reaction with the Cu and Ag precursor induced in situ reduction of one third of the Sn atoms under Sn-Cu and Sn-Ag bond formation. It was shown for the first time that a functionalized ternary M-Sn-S complex could undergo further derivatization.
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Notes and references ‡ X-ray crystallographic data: Data collection on a STOE IPDS2 diffractometer using graphite-monochromatized Mo K a radiation (l = 0.71073 Å) at 100 K. Structure solution and refinement by direct methods and full matrix least-squares on F 2 , respectively; SHELXTL software. 22 
